The mode-selective microwave reflector with periodic rectangular corrugations in the inner surface of a circular metallic waveguide is studied in this paper. The relations between the bandwidth and reflection coefficient for different numbers of corrugation sections were studied through a global optimization method. Two types of reflectors were investigated. One does not consider the phase response and the other does. Both types of broadband reflectors operating at W-band were machined and measured to verify the numerical simulations.
propagating modes. Coupled-wave theory based on perturbations of a circular waveguide [5, 6] may be used for both axial and azimuthal periodicities. The synchronism condition between two modes may be written as:
where d and m are the axial and azimuthal period of the waveguide. k 1 , k 2 are the axial wave numbers and m 1 , m 2 are the azimuthal indices of the two coupling modes. The periodic waveguide can therefore operate as a mode convertor that converts one mode to the other, totally or partially. One wellknown example is the corrugated horn that converts the input TE 11 mode into a hybrid TE 11 /TM 11 mode to generate a quasi Gaussian beam [7, 8] .
Other mode converters have also been developed, such as TE 11 to TE m1 and TM 01 to TE 31 [9, 10] . The synchronism conditions provide the possibility to design a mode convertor between any two suitable modes. Helically corrugated waveguide that contains both axial and azimuthal periodicities can be used to support the fast wave-beam interaction. Because of its inherently wide bandwidth, it attracts significant interest in gyrotron backward wave oscillators (gyro-BWOs) and gyrotron travelling wave tube amplifiers (gyro-TWAs) [11] [12] [13] .
If the waveguide is without azimuthal periodicity and its axial period satisfies the Bragg resonance condition 2k 1 = 2π/d, the axial periodic waveguide structure would scatter the incident wave coherently into a backward wave to achieve a mode selective reflection. A strong resonance Bragg cavity can be produced by two such axial periodic structures. A narrow band free electron laser (FEL) using the Bragg resonator was experimentally demonstrated in Ka-band and proved the advantages of high output power and high interaction efficiency [14, 15] .
A periodic waveguide used as a mode-selective reflector can be used to separate the microwaves from the electron beam in a MVED. In many cases this is accomplished by using a cutoff waveguide. For high frequencies, the cutoff radius becomes small, limiting the current of the electron beam and therefore limiting the power that the device can produce. A periodically-corrugated waveguide on the other hand can be operated in overmoded conditions. It could have a much larger radius than a cutoff waveguide, allowing higher electron beam currents hence higher microwave output power.
Different axial periodic corrugation profiles such as sinusoidal, trapezoidal, and rectangular can be used. The rectangular corrugation profile is shown in Fig. 1 . It includes two circular waveguide sections with radii a and b in one period. This profile has a simple structure making it easy to fabricate [16, 17] . In addition, it can be quickly and accurately analyzed by mode matching techniques. Because of these advantages, the rectangular corrugation profile is studied in this paper.
From the Bragg resonance condition, such an axial periodic waveguide is relatively narrow band because only discrete frequency points satisfy the Bragg resonance condition. It was proposed that a Hamming window amplitude distribution applied to a periodic rectangular corrugation circular waveguide would help to improve the mode purity as well as the bandwidth [18] . A general rectangular corrugation circular waveguide that has corrugation sections with arbitrary radii and lengths may achieve even wider bandwidth. However to reduce the number of the free parameters, in this paper, the corrugation sections were assumed to have the same length but with different radii. A global optimization method was used to fully study the bandwidth property of such rectangular corrugated reflectors.
NUMERICAL SIMULATIONS
Different methods can be used to calculate the scattering characteristics of the rectangularly corrugated waveguides. The coupled-wave theory is fast, however, it does not take account possible mode conversions at a large corrugation depth.
Numerical methods based on discrete meshes such as the finite element method (FEM) and the finite-difference time-domain (FDTD) method can also be used [19] . However, they usually result in long computing times and require large computing resources. The mode matching method provides a fast and accurate solution for such corrugation structures. It divides the waveguide structure into radial discontinuities and regular sections. The fields at both sides of a discontinuity are written as the sum of modal fields of the regular cylindrical waveguide. By matching the fields at the discontinuity, the coupling coefficient between each mode can be determined. From these coupling coefficients, the scattering matrix is formed for the discontinuity. The overall scattering parameters of the entire waveguide can be obtained by cascading all the scattering matrices of all discontinuities and regular waveguide sections. The drawback of the mode matching method is that only a limited type of waveguide discontinuity can be solved analytically. Fortunately the rectangular corrugation circular waveguide is one of these. The details of calculating and cascading scattering matrices of a circular waveguide with radial steps can be found in [20] [21] [22] [23] .
The mode-matching method allows to calculate the scattering parameters of the waveguide at a given frequency quickly. However to get the bandwidth property of the waveguide, the scattering parameters at different frequency points in the interested range have to be calculated and evaluated. In order to achieve the maximum bandwidth, a global optimization algorithm, multipleobject genetic algorithm [24] , was employed to find the optimal performance. A number of initial candidate solutions, which is also called initial population, are evaluated by a goal function and evolved to achieve better solutions. The evolution of the candidate solutions is achieved by the genetic operations include selection, mutation, and crossover. After a certain generations, the values of the goal function can converge, which means the optimization has achieved optimal parameters. The parameters used in the genetic algorithm, such as the population size, the crossover and mutation probability can affect the convergence speed. In our simulation, to achieve a good coverage of the parameter space, large population size of 96 and generation number of 1000 were chosen although long simulation time is required. The crossover probability and the mutation probability were chosen as 0.85 and 0.05, respectively.
Compared with single-objective optimization which provides one single optimal value, there are usually a number of parameter sets that may satisfy the optimal condition of the goal functions in the multiple-objective optimization. This bunch of non-dominanted points distributed in different areas of the goal functions is called Pareto Front and the corresponding parameter sets are called Pareto Set. The multiple-objective optimization provides a better understanding of the goal functions as it suggests an area of the Pareto Front. It is very useful for investigating the relations among the goal functions. When the multiple-objective optimization is finished, the optimal parameters can be chosen from the Pareto Set which is normally a tradeoff between the goal functions.
In the optimization of the rectangularly corrugated waveguide, the radius R i and the length of each corrugation section L are the parameters to be optimized, where i = 0, 1... indicates the corrugation numbers as shown in Fig. 2 .
PERFORMANCE OF THE REFLECTORS
As a perfect reflector, the waveguide short has unity reflectivity and a phase shift of 180 degrees for all frequencies. Therefore in this paper, the performance of two types of reflectors were studied. The first type was from optimizations that only calculated the reflection coefficient at input port 1 (S 11 ) without taking account the phase response. The second type took both the reflection coefficient and phase spread at input port 1 (S 11 ) into considerations, where the phase response was defined by 2π − (|P 11 (f 1 )| + |P 11 (f 2 )|). P 11 (f 1 ) and P 11 (f 2 ) are the phase part of the complex reflection coefficient after unwrapping at the interested frequencies of f 1 and f 2 . The waveguide short has a phase spread of 0 and the design reflector is preferred to have small phase spread value as well.
The simulation frequency range in this paper was W-band (75 -110 GHz) as the results could be directly used in the W-band gyro-BWO project [25] . The center frequency was set at 95 GHz. The operating mode was TE 11 . The radius of the first section R 0 was fixed to be 1.30 mm (with a cutoff frequency 67.6 GHz of the TE 11 mode). The radii of the corrugation sections R i , i = 1, 2, 3, ... were set as optimizing variables in the range of 1.3-3.0 mm and they are larger than R 0 . The length of the corrugation sections L was allowed to vary in the ranges of 0.2-6.0 mm.
Reflector without considering the phase response
In this case, the optimization goals were to maximize the average reflection coefficient S 11 and the bandwidth. The bandwidth was defined as the frequency range centered at 95 GHz frequency having a reflection coefficient of ≥0.98). A 13-section reflector was previous designed for an X-band gyro-BWO whose operating frequency range is 8.0-9.5 GHz to separate the spent electron beam and the microwave radiation [26] . It is possible to increase the operating bandwidth by increasing the number of corrugation sections. Fig. 3 shows the optimized bandwidth and the S 11 coefficient for different numbers of corrugation sections calculated by using the mode matching method. Generally the bandwidth and reflection coefficient increase as the number of corrugations increase. However from the simulation when the corrugation section number reached beyond 22, the bandwidth and reflection did not increase much. In reality when manufacturing the reflector, the number of corrugation sections may be limited since more sections increase not only manufacturing difficulty, but also cost and Ohmic loss.
From the optimization, it was found that there exists many structures with different corrugation numbers and profiles that are able to reach the optimization goal. Fig. 4(a) shows the optimal geometry profiles with a 16 and 22 corrugation sections. Though their corrugation profiles are very different, the goal function values are close to each other. This variability in solution sets is an advantage in that it increases the possibility of finding optimal structures satisfying the required bandwidth and reflection coefficient conditions, thereby reducing computing time.
As the goal functions of the optimization do not consider the phase information, the phase spread is large after unwrapping, as shown in Fig. 4(b) . This is not desired in applications that require a smooth changing phase response such as a linear amplifier.
Reflector considering phase response
In wide bandwidth amplifier, when the corrugation structure is used in a microwave coupler and acts as a waveguide short, the geometry is required to produce a high reflection coefficient S 11 as well as a small phase spread around π in the operating frequency range. A larger phase spread of the reflector will result in a smaller bandwidth of the input coupler [27] . To optimize a reflector for amplifiers, the goal functions need to take the phase response into account. Two goal functions were set in the multiple-objective genetic algorithm optimization. One is to maximize the reflection and bandwidth, and the other is to minimize the unwrapped phase spread, as shown in equ. 2. where x are the parameters to be optimized. F is the frequency index in the calculated frequency range, N is the number of frequencies to be calculated, A 11 is the reflection coefficient amplitude derived from the S 11 parameter and P 11 is the phase of S 11 . Fig. 5 shows the Pareto fronts of the goal functions in different numbers of corrugation sections. The trends at the left side show a very high reflection can be achieved (the variance of the A 11 close to 0) if a large phase spread is acceptable. This agrees with the results from the first type. The final choice should be a compromise of the two requirements. Also the simulations showed that, increasing the number of corrugation section may not help to get a better performance if it exceeds 15. The optimization results also indicated that a small corrugation length was required (< 0.8 mm) to get small phase spread, while the corrugation length could be much larger (∼3.5 mm) for the case without considering phase response.
MEASUREMENT OF THE REFLECTORS
Two broadband reflectors were machined and measured to verify the simulations. They were optimized for a gyro-BWO whose operating frequency range is 84-104 GHz. An 18-section reflector, which was designed without considering the phase response, was used to separate the radiation and the spent electron beam so that an energy recovery system could be applied. A 15-section reflector acted as a waveguide short considering the phase spread was designed for a side-wall coupler [28] . The radius of the first section R 0 was set as 1.3 mm, and the rest corrugation sections are with radii larger than 1.3 mm (R i ≥ 1.3 mm). If using a cut-off waveguide as the microwave reflector, the maximum radius would have been 0.84 mm (with a cutoff frequency 104.6 GHz of the TE 11 mode). Using the Bragg reflector gives a factor of 1.5 increase of waveguide radius. The section lengths L of the 18 and 15 section reflectors were 4.02 mm and 0.76 mm, respectively.
The reflectors were fabricated through the electroforming method. Firstly aluminum mandrels with the inner cross-section of the waveguides were made (Fig. 6(a) ) and then copper was electroformed on them. Finally the aluminum mandrels were dissolved away in alkali to leave the copper waveguides as shown in Fig. 6 . Fig. 7 shows the measurement setup using a vector network analyzer (V-NA). Rectangular-to-circular transitions and circular tapers were used between the reflector and the VNA ports (which have rectangular apertures) to reduce the reflection in the measurement. The S-parameters and the phase evolution of the setup with and without reflector were measured separately. The scattering parameters and the phase of the reflectors were obtained by taking the difference of the results.
The measured S-parameter and the phase evolution from the two reflectors are shown in Fig. 8 and Fig. 9 . The 18-section reflector without considering the phase response in the optimization had a less than -30 dB transmission coefficient, which means only a small proportion of the power can pass through the waveguide. The reflection coefficient S 11 of the measurement was slightly lower than the simulated one because of Ohmic loss. More than 93% (-0.3 dB) of the microwave signal was reflected back to the incident port.
The measured reflection coefficient of the 15-section reflector with considering the phase response in the optimization agrees well with the simulation. The differences could be caused by the machining tolerance and the imperfect alignment of the components. The measured phase was larger than the simulated result throughout the frequency range. Further simulations and dimensional measurements confirmed that the phase difference was caused by a 0.11 mm shorter of the length of the first section (at port 1) when manufacturing the waveguide. The phase response taking into account of the 0.11 mm length, 1.30 mm radius waveguide in the mode matching simulation agreed well with the measurement, as shown in Fig. 9 . Fig. 9 The simulated and measured reflection coefficient S 11 and phase response of the 15-section broadband reflector.
CONCLUSION
In this paper, the metallic microwave reflectors with rectangular corrugations were studied. The relation between the bandwidth and reflection coefficient as a function of corrugation sections were studied numerically through global optimization method. Optimization of the reflectors for both a case considering phase and a case without considering phase were studied. Without considering phase spread the reflector could achieve a better performance by increasing the number of corrugated sections. Furthermore, the length of each section could be large enough to relax machining tolerances. In the applications that requires a small phase spread, one needs to compromise between the reflection coefficient and the phase spread when choosing the geometry parameters. The simulations showed that more than 15 corrugation sections did not improve performance. Also a relatively short section length was required to get a small phase spread. To verify the simulation results, reflectors operate in W-band were fabricated and measured. A good agreement between simulation and experimental measurement was found.
